Abstract-Conducting polymer bending actuators show potential for unique manipulation devices, particularly at the microscale, given low actuation voltages, controllable manufacture, biocompatibility, and ability to operate in either air or liquid environments; however, the impracticalities of implementing feedback in these environments and at these scales can impede positional control of the actuator. This paper presents an application of inversionbased feedforward positional control to a trilayer bender actuator, which is shown to improve the performance without the use of feedback or adjustments to the chemistry of the device. The step and dynamic displacement responses have all been improved under the feedforward control system, while the response does not change significantly under large increases in external loads. This study contributes the first implementation of inversion-based feedforward control to the emerging area of conducting polymer actuators, paving the way toward their use in functional devices, particularly where the implementation of feedback is difficult.
suggested to be minor [4] , although more characterization is required. Modification of the actuator chemistry, particularly the dopant, has been shown to improve the speed and magnitude of polypyrrole films actuation [11] [12] [13] . Applying control techniques to the actuator displacement shows strong potential for further performance improvement without adjusting the chemistry.
The application of traditional control strategies to conducting polymer bending actuators has been limited. Yao et al. [14] have applied a PID control methodology to improve the rise time of a bender by up to 500 times while eliminating positional drift, and Fang et al. [15] have developed a robust adaptive controller based on a reduced complexity electrochemical model. In both cases, these control systems have utilized noncontact laser displacement sensors as the displacement feedback mechanism, with dimensions much larger than the actuator being controlled. As the actuator approaches the microscale, the use of macroscale feedback sensors becomes less practical, particularly as the number of actuators and degrees of freedom increase. Sensing capacitance or thermal changes to a system can provide microscale displacement feedback [16] , [17] , but applying these techniques to trilayer conducting polymer actuators can prove difficult or impractical given the bending motion produced and potential working environments. Bending displacement sensors based on the trilayer actuator structure may be a potential solution [18] , but require further development. This paper presents the first application of an inversion-based feedforward control system to a conducting polymer actuator. This approach is taken because it can control tip position without the use of a feedback sensor, making it suitable for applications where displacement feedback is impractical. A model for actuator displacement was first identified and then inverted to calculate the feedforward input signal required to achieve a specified output displacement. This technique was able to improve the displacement performance of the conducting polymer actuator by 26 times, as measured against a feedforward-gain-controlled actuator, while maintaining acceptable positional accuracy. Dynamic performance has also been improved, with unity gain achieved and phase error reduced at low frequencies, as compared to the feedforward-gain control system. The ability of the control system to deal with changes in applied load, changes in geometry, and extended actuation has also been identified.
II. EXPERIMENTAL SETUP

A. Trilayer Bender Actuator Structure
A laminated bending actuator, or trilayer, is the device used in this study, comprising a porous inactive substrate upon which Fig. 1 . Exploded structure of the trilayer bending actuator. The PVDF substrate is coated on both sides by a very thin gold coating, upon which the PPy is electrochemically deposited. the conducting PPy is deposited (Fig. 1) . The porous substrate used in this study is poly(vinylidene fluoride) (PVDF) that stores electrolyte and electrically separates the two PPy layers, which allows the actuator to operate in air.
Conducting polymer actuators have been described as electrochemomechanical devices, which convert electrical energy into mechanical work via the chemical domain. Applying a voltage across the device shifts the amount of charge in each conducting polymer layer, thus forcing mobile ionic species to move throughout the actuator structure to return the system to electroneutrality. The movement of ionic species [19] and the concomitant solvent movement [20] are linked to changes in the volume of the conducting polymer. If the two PPy layers have different levels of charge, they will also have differing volumes, thus causing the trilayer actuator structure to bend and generating mechanical work. A detailed review of the actuation processes of conducting polymers has been performed by Smela [2] .
Input voltages are typically restricted below 2 V [21] , but may be increased to a maximum of approximately 5 V. The application of constant voltages beyond 5 V can result in rapid deterioration of actuation performance [22] , [23] due to overoxidation of the polypyrrole; however, very short high voltage pulses can be applied without significant damage [10] .
B. Trilayer Bender Actuator Synthesis
The trilayer bending actuators were produced using a galvanostatic process, which has been reported previously [9] , [24] . The substrate, PVDF (Immobilon-P, Millipore), had an initial thickness of 127 µm, and was sputter-coated with a thin layer of gold to make it electrically conductive. The gold-coated PVDF was cut to size and secured in a holding frame, then placed in the polymerization solution, comprising 0.1 M Pyrrole (Merck), 0.1 M lithium bis(triflouromethanesulfonyl)imide (Li + TFSI − , 3 M), and 1wt.% water in the solvent propylene carbonate (PC, Sigma-Aldrich). The gold-coated PVDF formed the working electrode in the cell, while a stainless steel mesh was used for the counter electrode. The cell was cooled to −35
• C and a constant current of 0.1 mA/cm 2 was applied for 12 h, thereby producing approximately 22 µm of PPy on each side. On completion of the polymerization, PPy-coated PVDF was removed from the frame, washed with acetone, and stored in the actuation solution of 0.1 M Li + TFSI − in PC. Benders were then cut from the bulk sheet, as required, using a sharp scalpel.
C. Displacement Measurement System
A custom-built experimental system was used to apply an arbitrary voltage input to trilayer bender actuator and to measure its response (Fig. 2) . The actuator input voltage signal was first predetermined using the computer, then generated by a DAQ (NI6229) and amplified using a potentiostat (eDAQ, model EA161) operating in two-electrode mode. A noncontact laser displacement sensor (microepsilon, model NCDT-1700-10) was used to measure the displacement of the actuator and was focused at a constant position of 1.0 mm from the free end, unless otherwise noted. The resolution of the laser displacement sensor was 0.5 µm, but the measurement electronics introduces a 2-ms delay. A datalogger (eDAQ, model ED821) recorded the voltage signal applied to the trilayer actuator, the associated current drawn, and the displacement voltage signal from the laser displacement sensor at a sampling rate of 1 kHz.
III. UNCOMPENSATED DISPLACEMENT
To identify the uncompensated displacement of a bender actuator, several step voltages were applied to a 10-mm-long, 2-mmwide sample (Fig. 3) . The displacement of the trilayer bender was found to be linear after 5 s of applied voltage (Fig. 4) , and this relationship can be used to model the steady-state position; however, this proportional model provides no information about the dynamic displacement.
The relationship between the input voltage and steady-state displacement can be used as the basis of a feedforward-gain control system, as shown in Fig. 5 , and described by (1) , where
is the actuator, and Y (s) is the displacement output. The gain K is determined from the relationship between the steady-state displacement and input voltage, which is equivalent to the slope of the trendline shown in Fig. 4 , and it is 0.11 V/mm here. Note that the gain K may change between actuator devices, due to variability between the samples. The control system determines the input voltage U c (s) required to achieve the desired steadystate displacement Y d (s), but as no dynamic compensation is 
performed, there is no improvement in its performance
Y (s) = Y d (s)K U c (s) G(s) (1) G(s) = Y (s) U (s) = k 5 m =1 (s − z m ) 6 n =1 (s − p n ) .(2)
IV. FREQUENCY-RESPONSE MODEL
The relation between the input voltage u and the output displacement y of the trilayer bender has been experimentally measured as a function of frequency (Fig. 6 ).
Considering the relationship between the input and output to be a "black box," an empirical sixth-order transfer function of the form (2) was fitted to the experimentally identified frequency response using an iterative search algorithm (solid line in Fig. 6 ), with k = 0.29 and the fitted poles and zeros, as presented in Table I . The accuracy of the fit is high, such that the model can be used to simulate bender displacement in response to step voltage inputs (Fig. 7 ) and dynamic inputs [24] . Given the accuracy of the model in simulating the displacement behavior of the actuator and it is minimum phase, the model is suitable for use in an inversion-based feedforward control system. 
V. INVERSION-BASED FEEDFORWARD CONTROL
A. Principle of Operation
For a given system Y (s) = U (s)G(s), where U (s) is the input and Y (s) is the output, it follows that the ideal input signal to achieve a desired output signal is U c (s) = Y d (s)Ĝ −1 (s), as the inverse plant modelĜ −1 (s) will compensate for the plant dynamics (3). The displacement model (2) obtained in Section IV will be used to develop the inversion-based feedforward control system.
B. Development of the Controller
The transfer function obtained for a 10-mm-long, 2-mm-wide trilayer has been inverted by swapping the poles and zeros, and taking the reciprocal of the gain, with the theoretical frequency response presented in Fig. 8 . The exact inverted transfer function 
G
−1 (s) can be obtained by direct inversion, as all poles and zeros are on the left-hand side of the s-plane, but the result is unrealizable as it has a greater number of zeros than poles (m > n), generating an infinite gain at high frequencies. As such, it cannot be used in practical systems.
To use the inverted transfer function in a practical control system, low-pass filtering [H(s)] has been applied to limit the gain at high frequencies and make the system realizable, as shown in the filtered frequency response [Ĝ −1 (s)H(s) in Fig. 8 ] and schematically in Fig. 9 . The characteristics of the low-pass filter will influence the behavior of the system (4), as an increase in high-frequency filtering results in the reduced compensation of high-frequency dynamics, while also reducing the magnitude of the input signal.
For the purposes of this study, a Bessel filter has been utilized for H(s), as it is causal with a controllable order and cutoff frequency. The filter parameters used for all tests in this paper have been of fifth order, with a 10 Hz cutoff frequency, as this sufficiently limits the high-frequency gain and the magnitude of the feedforward input signal, without excessively changing the dynamics of the inverted model.
C. Step Response
The input voltage calculated by the inversion-based feedforward control system, drawn current, and resulting displacement of a 10-mm-long, 2-mm-wide trilayer bender is presented in Fig. 10 for three different step input amplitudes. As summarized in Table II , the displacement output, peak input voltage, and peak current also remained linear with desired displacement, while the rise time and delay are similar for all tests. The uncompensated step responses have been experimentally identified for the same 10-mm-long, 2-mm-wide trilayer bender, and are presented with the inversion-based controlled step responses in Fig. 11 , with displacement characteristics presented in Table III . The average rise time under inversion-based feedforward control was 58 ms, which represents an improvement of 26 times over the uncompensated system; this could be further improved by optimizing the Bessel filter parameters or calculation of the optimal inverse. The delay is also improved by an average of 3.9 times over the uncompensated system. The peak voltage and current were increased under inversion-based feedforward control compared to the uncompensated system; however, the highest peak voltage applied to the actuator by the control system was 1.23 V, which remains within the safe 
D. Dynamic Response
The dynamic displacement response of an inversion-based controlled 10-mm-long, 2-mm-wide trilayer bender was measured in response to two mixed sinusoidal signals-sine A (y d = 0.5 sin(0.2πt) + 0.02 sin(2πt) Fig. 12 ) and sine B (y d = 0.5 sin(2πt) + 0.02 sin(20πt), Fig. 13 ). The gain and phase shift of the component frequencies were extracted from the displacement output under inversion-based control and are shown in Table IV . The output of the system is also compared to the simulated actuator response under the feedforward-gain control system.
The output displacement of the inversion-based controlled system was found to be within 5% of unity gain for the input frequencies of 0.1 and 1 Hz, indicating that the low-pass filter did not affect the output at these frequencies. The attenuation of the displacement at 10 Hz is attributable to the low-pass filter, as it is equal to the theoretical attenuation of the low-pass Bessel filter at that frequency. The phase shift is also shown to improve over the uncompensated system at all frequencies tested.
E. Loading Effect
To simulate the effect of loading on the trilayer bender, the step displacement response of a 10-mm-long, 2-mm-wide tri- layer bender was identified as the tip load applied to the actuator was increased (Fig. 14) to a maximum of 22.3 mg. The mass of the trilayer bender is approximately 5.2 mg.
The application of mass, up to 4.3 times that of the actuator, caused a reduction in the rise time of the step response, and variation in the steady-state error. The overshoot can also be seen to increase, and oscillation is visible in the 22.3 mg step response (Fig. 14) , due to the resonant frequency diverging from the model when loaded [25] . The control system is shown to handle changes in load, as the performance remains within acceptable ranges.
F. Repeatability
To identify the performance of the inversion-based control system across multiple actuators of similar dimension, the model for a 10-mm-long, 2-mm-wide trilayer bender (sample 1) was developed and applied to three actuators cut to the same length and width (samples 1-3 in Fig. 15 ). The laser was focused at a constant 9.0 mm from the base of the clamp for all three samples tested to minimize the effect of any variation in actuator length on the measured displacement. The frequency response of the trilayer displacement was identified for all three actuators, and is shown in Fig. 16 , with the resonant frequency and step-response characteristics summarized in Tables V and VI. The same model used to calculate the feedforward control signal could not be effectively applied in practice to three different actuator samples of similar dimensions, with variable steady-state displacements produced. While care was taken to try and obtain identical dimensions when cutting the actuators, the resonant frequencies of the three actuators were found to differ, indicating they were not sufficiently close to the same length or mass [25] . Unless the geometric control of the trilayer benders can be improved, a model will have to be tailored for each individual actuator. 
G. Multiple Actuation Cycles
A step-response signal was applied to the trilayer bender for 500 cycles to identify the change in the response with time, as shown in Fig. 17 . Each cycle lasted 10 s, consisting of a forward displacement signal of +0.4 mm, 2 s of 0 mm, 2 s of −0.4 mm, and 4 s of 0 mm.
The change in response of a trilayer bender actuator to repeated short-term step displacements was found to be minimal over the first 300 cycles (Fig. 17) , increasing to over 55% (or 0.22 mm) by the 500th cycle. By the 500th cycle, the PVDF had Fig. 18. Step displacement of a 10-mm-long, 2-mm-wide trilayer bender in response to a 0.5 mm step displacement input, as measured over 300 s. The error between the specified and actual tip displacement is also shown.
become visible as a white band down the center of the actuator, indicating that drying had occurred. Evaporation of solvent from the electrolyte has been previously reported for trilayer actuators [15] , [26] , shifting the electrochemical behavior away from the initially modeled state.
H. Extended Step Response
The step displacement response of a trilayer bender was measured for a 10-mm-long, 2-mm-wide trilayer actuator over 300 s (Fig. 18) . The displacement error is approximately 4% immediately after steady state is reached, which increases with time to 18.5% at 300 s. The control voltage calculated by the feedforward control system did not return to zero after the initial pulse, remaining at 78 mV for the duration of the step.
The positional error of an extended step input (Fig. 18 ) was found to increase steadily with time, which may be linked to inaccuracies in the dc gain of the model over longer time periods. The change in electrochemical state of polymer is also known to progress through the film with time [27] , [28] , and the continued dc voltage may further contribute to longer term displacement.
VI. DISCUSSION AND CONCLUSION
This paper has presented the successful implementation of an inversion-based feedforward control system, applied to a bending trilayer actuator for the first time. This technique was capable of improving the step and dynamic performance of a trilayer actuator without the use of feedback.
An empirical transfer function model structure was identified and fitted to the experimentally obtained trilayer actuator frequency response. This model was able to accurately represent the actuator displacement up to the resonant frequency and could be used to simulate the displacement of the actuator in response to arbitrary inputs.
The inversion-based feedforward control system, based on the transfer function displacement model, was shown to improve the response time of the trilayer bender actuator without the use of a feedback sensor, decreasing the rise time by an average of 26 times over the feedforward-gain control system. Typical rise times measured throughout this paper were below 60 ms, where the fifth-order low-pass Bessel filters were used. In comparison, a tuned PID control system applied to the same type of trilayer bender actuator was able to achieve a 0%-100% rise time of 132 ms [14] . The response to sinusoidal displacements was also improved under inversion-based control, with phase shift reduced in all cases, as compared to the feedforward-gain control system. This indicates that the inversion-based feedforward control system is capable of overcoming the slow response traditionally associated with conducting polymer bending actuators [7] without chemical modification.
The inversion-based feedforward control system was found to remain stable when applied mass was increased, with stepresponse performance maintained as the load on the actuator was raised well beyond its own mass. The control system was not consistent when applied to a different actuator, as slight variations in the mass and geometry were sufficient to vary the output. This indicates that the inverted model must be tailored to each individual actuator, until more repeatable manufacturing techniques are developed.
The steady-state displacement error changed throughout the paper, indicating some inaccuracy in the low frequency and dc gain of the fitted models. This was evident across all short-term and the long-term displacement tests. A constant gain could be incorporated into the inversion-based feedforward controller and tuned to minimize the steady-state error at short time periods; however, this may not be sufficient to reduce the error over longer term periods. The use of a feedforward control system is less complex to implement than a feedback control system, but it cannot identify or compensate for steady-state error, external disturbances, or unmodeled system changes that occur to the actuator. The decision to implement a feedforward control system will require consideration of these issues, and it is likely to be best suited to applications where feedback is difficult or impractical, such as a multiple degree of freedom microscale robotic device.
The displacement performance in response to short actuation cycles was seen to be constant over the first 300 cycles, but diverged up to the 500th cycle, most likely due to the evaporation of solvent from the actuator structure. Reducing the solvent evaporation, through the use of encapsulation [29] or less volatile ion sources, such as ionic liquids [30] , may stabilize the system and improve the long-term response of the controlled actuator, but these currently come at the cost of reduced displacement performance.
The inversion-based control technique applied in this paper has been applied to a conducting polymer actuator for the first time, and has been demonstrated to improve the step and dynamic displacement of a conducting polymer trilayer bender over a feedforward-gain-controlled actuator. The inversionbased controller has been shown to be able to deal with changes in load, and performance was consistent over the first 100 cycles. As this performance increase has been achieved without the use of feedback, the inversion-based approach shows potential for applications where implementing feedback is impractical, such as conducting polymer-based micro-and nanoscale manipulation systems. Future work will consider the use of physicsbased models, such as [31] , for the inversion-based feedforward control system, as this has a number of potential advantages over the empirical model, including geometric scaling. However, before existing physics-based models can be incorporated into a feedforward control system, their accuracy must first be improved. Novel feedback sensors and strategies appropriate for microscale bending conducting polymer actuators will also be investigated.
